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Abstract—Ionospheric scintillation is one of the major threats
and most challenging propagation scenarios affecting Global
Navigation Satellite Systems (GNSS) and related applications.
The fact that this phenomenon causes severe degradations only
in equatorial and high latitude regions has led to very few
contributions dealing with the fundamental scintillation mitiga-
tion problem, being of paramount importance in safety critical
applications and advanced integrity receivers. The goal of this
paper is twofold, first to bring together the most relevant contri-
butions on GNSS receiver design under scintillation conditions,
and then, to propose a new GNSS carrier tracking framework
and scintillation mitigation methodology. Scintillation complex
gain components are modeled as AR processes and embedded
into the state-space formulation, providing the filter the capa-
bility to distinguish between dynamics and phase scintillation
contributions. In addition, the actual need of robust solutions
is solved by using an adaptive filtering approach and directly
operating with the baseband received signal. Simulation results,
using both synthetic and real scintillation data, are provided to
support the theoretical discussion and to show the performance
improvements of such new approach.
Index Terms—GNSS, robust/adaptive tracking, ionospheric
scintillation, AR scintillation modeling, carrier phase synchro-
nization, Kalman filter.
I. INTRODUCTION
It is well-known that drifting ionospheric electron density
irregularities may lead to the scintillation of transionospheric
radio waves, as in the case of signals broadcast from artificial
satellites. Scintillation can not only degrade signal quality but
cause receivers’ loss of lock, therefore posing a major threat
to Global Navigation Satellite Systems (GNSS) based appli-
cations, which demand high levels of accuracy, availability
and integrity. Such effect is particularly intense in equatorial
(±20 degrees around the magnetic equator) and polar regions
(at auroral latitudes), and in high solar activity events (most
scintillation occurs for few hours after sunset on the peak years
of the solar cycle), jeopardizing the usage of GNSS technology
in critical infrastructures or in applications such as aviation.
Rapid changes in the phase and/or amplitude of a radio
signal, in particular deep signal fades caused by ionospheric
scintillation, may break a receiver’s carrier tracking lock.
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Phase and amplitude scintillation are intimately related. Rapid
phase changes are invariably associated with deep fades.
However, some deep fades do not cause rapid phase changes.
Since GNSS-based avionics rely on both code and carrier
measurements, the loss of carrier tracking lock of a certain
satellite channel implies a loss of the corresponding satellite
until the carrier tracking lock is reestablished, and a prescribed
settling period has elapsed. If electron density irregularities
cover a large portion of the sky, there is a chance that a receiver
may lose more than one satellite simultaneously. Concurrent
loss of a significant number of satellites discontinues GNSS
navigation. Therefore, strong scintillation could be hazardous
in terms of continuity and availability for GNSS and related
satellite-based augmentation systems in aviation [1].
Industry trends suggest a move away from primarily code-
based positioning and to a direct use of the carrier phase
for navigation. This is evidenced by the recent release of a
number of real-time-kinematic (RTK) carrier phase positioning
receivers by leading mass-market companies [2], [3], target-
ing low-cost and low-power applications. Moreover, single-
frequency precise-point-positioning (PPP) using mass-market
receivers has been possible for some time [4]. Thus, although
receiver baseband processing has become resilient to harsh en-
vironments, the need for accurate carrier phase measurements
means that ionospheric scintillation is a significant challenge.
As a result, there is an increasing interest in the study of
this effect. As examples of research activities, we can mention
projects such as CIGALA (Concept for Ionospheric Scintilla-
tion Mitigation for Professional GNSS in Latin America, [5]),
CALIBRA (Countering GNSS high Accuracy applications
LImitation due to ionospheric disturbance in BRAzil, [6]), and
TRANSMIT (Training Research and Applications Network to
Support the Mitigation of Ionospheric Threats, [7]), funded
by the European Commission, or MONITOR (MONitoring of
the Ionosphere by innovative Techniques, coordinated Obser-
vations and Resources [8]), funded by the European Space
Agency. Related to receivers dedicated to ionospheric monitor-
ing, we can mention NovAtel’s GPStation–6 [9], Septentrio’s
PolaRxS PRO [10] and TAS-I’s GISMO, involved in the EU
FP7 MISW (MItigation of Space Weather threats to GNSS
services [11]).
Synchronization is a key stage in any communication re-
ceiver or positioning system, and is typically carried out fol-
lowing a two-state approach: acquisition and tracking. The first
stage detects the presence or absence of the desired signal, and
in case of positive detection it also provides a coarse estimate
of the synchronization parameters (i.e., timing and frequency);
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the second stage refines those estimates, filtering out noise and
tracking any possible time-variation [12]. The problem under
study concerns the derivation of efficient and robust methods
for carrier phase tracking, aiming at ionospheric scintillation
mitigation in GNSS. Historically, GNSS receivers used carrier
tracking techniques based on well-established phase-locked
loop (PLL) architectures [13]. In the last decade, the Kalman
filter (KF) based solutions have been shown to overcome
the limitations of standard architectures, but in their standard
form do not provide a solution to the scintillation mitigation
problem because of the estimation vs mitigation trade-off [14].
This article proposes a new global framework for scin-
tillation mitigation in modern GNSS receivers, providing a
comprehensive discussion and generalizing previous results in
[14] and [15] with the following main contributions:
i) Up-to-date state-of-the-art (SoTA) review on GNSS car-
rier tracking under ionospheric scintillation.
ii) A comprehensive analysis of the AR scintillation ap-
proximation, with new results with respect to [14], [15].
iii) Generalized state-space formulation taking advantage of
the new {AR(q), AR(p)} scintillation approximation.
iv) A new robust extended KF (EKF) solution for scintilla-
tion mitigation, where in contrast to [14] the filter tracks
both phase dynamics, scintillation phase and amplitude,
adjusts the AR models’ order together with the filter
parameters and system uncertainty, and thus it is able to
cope with realistic time-varying propagation conditions.
v) The proposed methodology is analyzed via an in depth
simulation analysis, using both synthethic and real scin-
tillation data. Results support the discussion and show
the improved accuracy with respect to SoTA techniques.
II. IONOSPHERIC SCINTILLATION MITIGATION & GNSS
CARRIER TRACKING STATE-OF-THE-ART
This section provides a comprehensive SoTA on GNSS car-
rier tracking under ionospheric scintillation, covering legacy
PLL-based architectures, KF-based approaches and some al-
ternative multi-satellite/multi-frequency solutions.
1) Standard PLL-based architectures: The earliest contri-
butions dealing with carrier tracking and ionospheric scintil-
lation considered the impact on standard PLL-based archi-
tectures. The goal was to find the optimal parametrization
to cope with such propagation effects. Different constant
bandwidth PLL-based architectures were compared with a KF
solution in [16]. The latter provided a lower lock threshold and
increased cycle slip robustness due to its optimal time-varying
bandwidth. Similar results were shown in [17] and [18]. Even
if the KF-based architectures were known to overcome the
limitations in the performance and robustness of PLL-type
solutions, the latter have been further investigated in the litera-
ture. The optimal time-varying KF bandwidth was heuristically
implemented using an adaptive bandwidth PLL in [19], also
used in [20] together with a scintillation prediction model. An
inertially aided F-PLL approach to lower the tracking threshold
was proposed in [21] and other Doppler-aiding architectures
in [22], [23]. The traditional F-PLL architecture was analyzed
under scintillation conditions in [18], and slightly improved in
[24]. A switching PLL/FLL architecture was proposed in [25]
and the impact of considering extended integration times for
Galileo signals has been recently studied in [26].
2) Advanced Kalman filter-based solutions: despite the
reticence of the GNSS community to abandon the use of PLL-
based architectures, it is evident that KFs are in the core of
the most advanced carrier tracking techniques [27]. Regarding
the problem at hand, several contributions followed the initial
analysis in [16] and [17]. The use of a suboptimal KF (i.e., not
optimally adjusting the Kalman gain) to track both GPS L1
and L2 frequencies under scintillation has been investigated in
[28], with the idea to increase robustness using dual frequency
receivers. Other contributions considered the same suboptimal
KF implementation with simulated [18], [29], [30] and real
data [31], providing an increased robustness with respect to
standard PLL-based solutions, even with such a suboptimal
filter implementation. The use of more advanced filtering
techniques such as particle filters directly operating with the
received signal samples has also been considered [32]. The
reason why suboptimal KF architectures are considered in the
literature instead of the optimal solution is because the latter
implies a complete knowledge of the system conditions, that
is, process and measurement noise parameters.
The so-called Adaptive KFs (AKFs) try to sequentially
adapt the filter parameters to the actual working conditions,
providing an appealing solution to the previous suboptimal
techniques. A global AKF design framework is given in
[33]. An heuristic approach to adjust the Kalman gain has
been proposed in [34] and a measurement noise adaptation
using a C/N0 estimator was analyzed in [35], a method
which was further improved to sequentially adjust both noise
statistics [36]. Recently, a ionospheric scintillation monitoring
procedure was used to sequentially adjust the process noise
covariance together with the C/N0 estimation to adjust the
measurement noise [37], and further improved to heuristically
weight the resulting Kalman gain in [38]. Notice that all these
techniques claim robustness against scintillation but none of
them provides an effective scintillation mitigation procedure.
In other words, the main goal of all the techniques presented
in the literature dealing with scintillation is to avoid cycle slips
and loss of lock, without paying attention on minimizing the
carrier phase estimation error. The robustness is provided by
increasing the noise uncertainty under scintillation conditions,
for instance, if the C/N0 drops because of the scintillation,
the filter increases the measurement noise variance, thus relies
more on the state prediction than on the current measurements.
In general, this leads to the estimation versus mitigation trade-
off discussed in [14], being impossible to decouple or mitigate
such undesired propagation effects if the filter is well designed
to keep track under challenging dynamic scenarios (i.e., which
is a desirable feature).
From an optimal filtering standpoint, to solve such dilemma
one must include the effects to mitigate into the state-space
formulation and keep track of both phase contributions. This
idea was first introduced in [39] in a quasi static scenario.
These results were generalized to a dynamic case in [14], and
a preliminary analysis of a new architecture directly operating
with the received signal samples was recently presented in
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[15]. The goal of this contribution is to generalize all these
previous results in an overarching scintillation mitigation
framework.
3) Alternative approaches: all the aforementioned tech-
niques are scalar architectures, that is, considering only a
single-frequency, single satellite link, but other approaches
may be envisaged. The fact that ionospheric scintillation
is frequency-dependent and that different satellite links are
definitely affected by different propagation conditions, has
lead to substantial research on multi-satellite multi-frequency
receivers to counteract scintillation effects [40], [41]. The
first solutions in this line proposed to modify the position
computation by appropriately weighting the pseudorange mea-
surements affected by scintillation [42], [43], [44], but better
performance can be obtained by using the following more
sophisticated approaches. Taking advantage of the different
satellites available by using vector tracking architectures may
lower the tracking threshold and thus increase the robust-
ness and availability under challenging scintillation conditions
[45], [40], [46], [47]. Even if lower frequencies experience a
stronger scintillation effect, in the most challenging scenarios
(i.e., severe scintillation conditions) the impact of canonical
fades in different frequencies have a low correlation [1]. This
is the reason why using multi-frequency solutions increases
the system robustness to scintillation [48], [49], [50].
Even if the main goal of our contribution is to propose
a solution within the scalar tracking framework, the per-
formance obtained with multi-satellite, multi-frequency ap-
proaches could also benefit from the proposed solution.
III. IONOSPHERIC AMPLITUDE AND PHASE
SCINTILLATION MODELING
A. Generalities & Scintillation Models
The ionosphere is a region of the upper atmosphere that is
ionized by solar radiation. The recombination of waves after
propagation through it can be constructive or destructive, and
the resulting signal at the receiver antenna may present rapid
variations of phase and amplitude. These amplitude fades and
phase changes happen in a simultaneous and random manner,
but there exists a correlation between both disturbances, the
so-called canonical fades. That is, rapid phase changes are
always associated with deep amplitude fades [51], [52], which
is a very challenging carrier tracking scenario.
A lot of effort has been put in the past two decades to
characterize the ionospheric scintillation, mainly targeted to
obtain effective synthetic models to assess GNSS receivers’
performance via simulation. The most widely used ionosperic
scintillation models are: i) WideBand MODel (WBMOD) [53],
ii) Global Ionospheric Scintillation Model (GISM) [54] and iii)
Cornell Scintillation Model (CSM) [55], [52]. Among them,
the CSM is the more convenient from a simulation point of
view and is the one being used throughout this paper.
Related to the mathematical formulation representing the
behavior of scintillation onto GNSS signals, the scintillation
can be modeled as a multiplicative channel
x(t) = ξs(t)s(t) + w(t), (1)
where x(t) and s(t) are the complex-valued baseband equiva-
lent of the received and transmitted signals, respectively. w(t)
is the noise term, which may include thermal noise and any
other interference, and the disturbance caused by ionospheric
scintillation is defined as
ξs(t) = ρs(t)e
jθs(t), (2)
with the corresponding envelope and phase components, ρs(t)
and θs(t). The amplitude scintillation strength is described by
the scintillation index S4, and is usually considered within
three main regions [55]: weak, moderate and severe,
S4 =
√
E(ρs4)− (E(ρ2s))2
(E(ρ2s))2
,
 S4 ≤ 0.3 (weak)0.3 < S4 ≤ 0.6 (mod.)
0.6 < S4 (sev.)
B. Ionospheric Scintillation Amplitude AR(q) model
A key point for the scintillation mitigation problem is
to obtain a simple mathematical scintillation approximation
which can be effectively exploited at the receiver side. Pre-
liminary results on the use of an AR model to approximate
the correlated scintillation amplitude time-series were first
introduced in [15], but the modeling was not deeply analyzed
and considered only the severe scintillation case with an
AR(2) approximation. The general AR(q) model for a discrete
sequence ρs,k is specified by the following recursion,
ρs,k =
q∑
i=1
γiρs,k−i + κ+ ηρ,k, ηρ,k ∼ N (0, σ2ηρ), (3)
with κ a constant value, and the mean of the process equal
to µ = κ/(1−∑qi=1 γi). The set of q coefficients γi and the
driving noise variance σ2ηρ can be easily obtained using time-
series analysis [56], for instance, using CSM realistic synthetic
scintillation amplitude data.
An AR modeling example for the scintillation amplitude is
shown in Figure 1, where both the empirical and fitted AR
processes power spectral densities (PSD) are shown for the
two main scintillation intensity regions of interest: moderate
(bottom figure - {S4 = 0.5, τ0 = 0.5}) and severe (top
figure - {S4 = 0.8, τ0 = 0.1}) scintillation. These results
were computed considering an extended sampling period at
the output of the prompt correlator equal to Ts = 10 ms, but
the same results are also valid for Ts = 1 (GPS L1) and 4 ms
(Galileo E1) taking into account that a higher Ts increases the
scintillation intensity. From a visual inspection of the fitting
to the empirical PSD, it is clear that the AR(1) is not valid
but it seems that an AR(2) model correctly approximates the
scintillation phase amplitude, as already stated in [15]. But to
fully characterize such modeling, it is convenient to inspect
the partial autocorrelation function (PAF).The PAF for both
scintillation cases is shown in Figure 2, where it is clear that
the correct model order is q = 3, because the lag 3 value
clearly exceeds the 95% confidence bound.
C. Ionospheric Scintillation Phase AR(p) model
The scintillation amplitude AR modeling analysis conducted
in the previous paragraphs may also be applied to the cor-
related scintillation phase. The use of an AR model for the
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Fig. 1. Scintillation amplitude CSM time-series AR(q) approximation
example. Severe (top) {S4 = 0.9, τ0 = 0.1} and moderate (bottom)
{S4 = 0.5, τ0 = 0.4} scintillation amplitude cases.
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Fig. 2. Sample partial autocorrelation function (PAF) for model order
selection. Severe (top) {S4 = 0.9, τ0 = 0.1} and moderate (bottom)
{S4 = 0.5, τ0 = 0.4} scintillation amplitude cases.
scintillation phase process was first introduced in [39] and
later on analyzed in [14] using a visual inspection of the PSD
fitting, but such analysis is not concluding on the correct AR
model order selection. The phase AR formulation is
θs,k =
p∑
i=1
βiθs,k−i + ηθ,k, ηθ,k ∼ N (0, σ2ηθ ). (4)
A representative example is given in Fig. 3 considering an
extended sampling period Ts = 10 ms. As in the scintillation
amplitude case shown in Fig. 1, these results are also valid for
Ts = 1 (GPS L1) and 4 ms (Galileo E1). The correct model
order selection is verified from further analysis conducted
using the PAF shown in Fig. 4. To conclude, we summarize
in Table I the {AR(q), AR(p)} scintillation approximation.
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Fig. 3. Scintillation phase CSM time-series AR(p) approximation example.
Severe (top) {S4 = 0.9, τ0 = 0.1} and moderate (bottom) {S4 = 0.5, τ0 =
0.4} scintillation phase cases.
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Fig. 4. Sample partial autocorrelation function (PAF) for model order
selection. Severe (top) {S4 = 0.9, τ0 = 0.1} and moderate (bottom)
{S4 = 0.5, τ0 = 0.4} scintillation phase cases.
AR model order
Scintillation region q p
Severe (0.6 < S4) AR(3) AR(1)
Moderate (0.3 < S4 ≤ 0.6) AR(3) AR(2)
Low (S4 ≤ 0.3) AR(3) AR(3)
TABLE I
AR(q) AMPLITUDE AND AR(p) PHASE SCINTILLATION APPROXIMATION.
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IV. SIGNAL MODEL
A. GNSS signal model
The baseband analytic representation of a generic GNSS
transmitted signal can be expressed as
s(t) =
√
2Px(t)d(t− τ(t))c(t− τ(t))ejθ(t), (5)
where Px(t), d(t) and c(t), stand for the received power, the
navigation message and the spreading code, respectively. The
synchronization parameters are the code delay, τ(t), and the
carrier phase, θ(t). The latter can be formulated as θ(t) =
2pifd(t) + θe(t), where fd(t) is the carrier Doppler frequency
shift and θe(t) a carrier phase component including other
phase impairments. After the acquisition stage, the sampled
signal is correlated with a locally-generated replica and then
accumulated over the integration period Ts. The samples at
the output of the correlators are [57]:
yk = AkdkR(∆τk)
sin(pi∆fd,kTs)
pi∆fd,kTs
ej(2pi∆fd,kTs+∆θk) + nk,
where k stands for the discrete time tk = kTs, Ak is the signal
amplitude at the output of the correlators after accumulation
over Ts, dk is the data bit, R(·) is the code autocorrelation
function and {∆τk,∆fd,k,∆θk} are, respectively, the code
delay, Doppler shift and carrier phase errors. The noise at
the output of the correlators is considered additive complex
Gaussian with variance σ2n,k, that is, nk ∼ CN (0, σ2n,k).
Taking into account the problem at hand, a simplified signal
model with perfect timing synchronization (∆τk = 0) and
data wipe-off can be considered. Under these assumptions,
the simplified model for the samples at the input of the carrier
phase tracking stage is yk = αkejθk + nk, or equivalently[
yi,k
yq,k
]
= αk
[
cos(θk)
sin(θk)
]
+
[
ni,k
nq,k
]
, (6)
where yk = yi,k+iyq,k and nk = ni,k+inq,k, with covariance
matrix Rk = σ2n,k/2× I2; the amplitude, αk, may include the
scintillation variations, αk = Akρs,k ; and the carrier phase
includes both the phase variations due to the receiver’s dynam-
ics, θd,k, and scintillation, θs,k, resulting in θk = θd,k + θs,k.
This is the equivalent signal model at the output of the prompt
correlator considering the multiplicative channel model. The
signal amplitude under nominal propagation conditions, Ak,
can be easily estimated using a maximum likelihood approach
[58] or assuming nominal noise power from the C/N0 and
the receiver bandwidth [13]. This amplitude varies very slowly
w.r.t. the periods when the signal is affected by scintillation,
thus the nominal estimated value can be used.
B. New generalized state-space formulation
The state-space formulation of the problem is given by a
pair of equations, which define the state evolution (process
equation) and its relation with the observations (measurement
equation). Taking into account the problem at hand, the
parameter of interest is the received signal carrier phase, θk. As
already stated, in real-life applications this phase may encom-
pass different contributions, but only the phase variations due
to the relative movement between the satellite and the receiver,
θd,k, are modeled in standard architectures. In this case, a
Taylor approximation of the time-varying phase evolution is
considered, where the order m is a priori determined according
to the expected dynamics (i.e., 2 ≤ m ≤ 4 in standard
applications). The 4th order Taylor expansion is given by
θd,k = θ0 + 2pi(fd,kkTs + fr,kk
2T 2s /2 + fj,kk
3T 3s /6︸ ︷︷ ︸
Doppler dynamics
), (7)
where θ0 (rad) is a random constant phase value, fd,k
(Hz) the carrier Doppler frequency shift, fr,k (Hz/s) the
Doppler frequency rate and fj,k (Hz/s2) the Doppler jerk.
Using this approximation, the state to be tracked is x(1)k
.
=
[θd,k fd,k fr,k fj,k]
>, and the standard carrier phase state
evolution equation is formulated as
x
(1)
k =

1 2piTs piT
2
s piT
3
s /6
0 1 Ts T
2
s /2
0 0 1 Ts
0 0 0 1

︸ ︷︷ ︸
Fd
x
(1)
k−1 + vk, (8)
where vk ∼ N (0,Qd,k) stands for possible uncertainties or
mismatches on the dynamic model, and Qd,k is usually a
priori fixed according to the problem at hand. An extended
state-space can be formulated to include the scintillation phase
[39], [14] or both scintillation amplitude and phase [15], but
taking advantage of the new generalized {AR(p), AR(q)}
models introduced in the previous section,
θs,k =
p∑
i=1
βiθs,k−i + ηθ,k, ηθ,k ∼ N (0, σ2ηθ ) (9)
ρs,k =
q∑
i=1
γiρs,k−i + κ+ ηρ,k, ηρ,k ∼ N (0, σ2ηρ). (10)
The extended state is constructed by concatenating the stan-
dard formulation and the new scintillation modeling, x(2)k
.
=[
x
(1)
k , θs,k, · · · , θs,k−p+1, ρs,k, · · · , ρs,k−q+1
]>
, and the cor-
responding process equation is
x
(2)
k =
 Fd 0m×p 0m×q0p×m Fp 0p×q
0q×m 0q×p Fa

︸ ︷︷ ︸
Fk
x
(2)
k−1 + κ+wk, (11)
where the Gaussian process noise is defined as wk =
[vk, ηph,k,01×p−1, ηa,k,01×q−1]>, with a block diagonal co-
variance matrix Qk = diag(Qd,k, σ2ηθ ,01×p−1, σ
2
ηρ ,01×q−1),
and the scintillation transition matrices are
Fp =

β1 β2 . . . βp
1
. . .
1
 ,Fa =

γ1 γ2 . . . γq
1
. . .
1

Equations (6) and (11) define the new state-space model
(SSM) of the problem, allowing the filter to be aware of both
phase contributions, together with the signal fading caused by
the scintillation, being much more powerful than its standard
version only taking into account the dynamics, θd,k.
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V. GNSS CARRIER TRACKING TECHNIQUES UNDER
IONOSPHERIC SCINTILLATION
The carrier synchronization problem under study consists
of obtaining the best estimate of the phase related to the user
dynamics, θd,k. This implies the mitigation of the ionospheric
scintillation of interest here.
A. Traditional PLL and KF-based Tracking Techniques
Carrier phase tracking techniques used in mass-market
GNSS receivers typically rely on well-established PLL-based
architectures [13], which are built up using a phase detector
(referred to as discriminator in this context), a filter and a
carrier generator driven by a numerically controlled oscillator
(NCO). Such architecture is easy to implement and tune,
and provides good performances under benign propagation
conditions, but has been shown to deliver poor performance
or even fail in challenging scenarios [18]. The main problem
is the existing noise reduction vs. dynamic range trade–off
[34], mainly driven by the PLL constant bandwidth. The
PLL minimizes the error signal at the discriminator’s output,
k = θk − θˆk, and thus the filter tracks the complete phase of
the signal. This implies that, under scintillation conditions, the
PLL will track the desired phase plus scintillation disturbance,
θk = θd,k+θs,k, what is known as the estimation vs. mitigation
paradigm [14]. As a consequence, a well–designed PLL is not
able to mitigate the scintillation effect.
It is well known that, under certain conditions, both PLL and
KF architectures are equivalent [59], [60], [61]. The standard
prediction/update KF equations [62] can be easily interpreted
as a gain PLL [61], where the KF innovations’ sequence can be
seen as the output of a discriminator. The standard KF formu-
lation, as implicitly done by the PLL, considers that θk = θd,k.
Therefore, the filter is again constrained by the system model
and not able to mitigate the undesired scintillation effects. The
phase noise variance at the discriminators’ output, which is
needed in the linear KF to compute the Kalman gain, is no
longer σ2n. An approximation of the phase noise variance for
the ATAN discriminator is given by [63]:
σ2nθ ≈
(
e−0.8
√
C/N0Ts + 1
)
erf(0.4C/N0Ts)
C/N0Ts
(12)
where C/N0 stands for the carrier-to-noise-density ratio.
In standard GNSS receivers, a C/N0 estimator is generally
available, from which a sequential phase noise estimate can
be derived via (12), making it straightforward to construct an
adaptive KF (AKF) [64]. In summary, standard PLL and KF-
based techniques track the complete phase of the incoming
signal, θk, and therefore it is difficult to decouple both phase
contributions to mitigate such undesired effects.
B. New Scintillation Mitigation Methodology
The new state-space formulation including both dynamics,
scintillation amplitude fades and phase contributions, needed
to solve the scintillation mitigation problem, is detailed in
Section IV-B and given by the state x(2)k and observa-
tions [yi,k, yq,k]> in equations (6) and (11) . The state-
space model is fully characterized by the set of parameters
{
m, p, q, {βi}pi=1, {γi}qi=1, κ, σ2ηθ , σ2ηρ ,Qd,k, σ2n,k
}
, and their
values can be set according to the following criteria:
i) m and Qd,k are a priori fixed by the user from the
expected dynamics (typically, m = 3).
ii) the AR scintillation model orders p and q are directly
related to the scintillation intensity (see Table I).
iii) {βi}pi=1, {γi}qi=1, κ, σ2ηθ and σ2ηρ are the parameters of
the {AR(q), AR(p)} scintillation model approximation,
which can be computed offline from the CSM time-
series or the simulation of choice for a known scintilla-
tion intensity, and easily stored in a look-up table.
iv) σ2n,k can be sequentially estimated from the C/N0
estimator available at the receiver [64].
In general, at the light of Table I, four state-space models
are distinguished depending on the scintillation propagation
conditions (i.e., for an a priori fixed m = 3 and x(1)k =
[θd,k, fd,k, fr,k]):
• SSM #1: No scintillation - The state to be tracked is x(1)k .
• SSM #2: Severe scintillation - The state to be tracked is
x
(2)
k = [x
(1)
k , θs,k︸︷︷︸
p=1
, ρs,k, ρs,k−1, ρs,k−2︸ ︷︷ ︸
q=3
]>
where
{
β1, γ1, γ2, γ3, κ, σ
2
ηθ
, σ2ηρ
}
is the set of param-
eters which fully characterize the severe scintillation
AR(1)/AR(3) approximation.
• SSM #3: Moderate scintillation - The state is defined as
x
(2)
k = [x
(1)
k , θs,k, θs,k−1︸ ︷︷ ︸
p=2
, ρs,k, ρs,k−1, ρs,k−2︸ ︷︷ ︸
q=3
]>
where
{
β1, β2, γ1, γ2, γ3, κ, σ
2
ηθ
, σ2ηρ
}
is the set of pa-
rameters which fully characterize the moderate scintilla-
tion AR(2)/AR(3) approximation.
• SSM #4: Low scintillation - The state to be tracked is
defined as
x
(2)
k = [x
(1)
k , θs,k, θs,k−1, θs,k−2︸ ︷︷ ︸
p=3
, ρs,k, ρs,k−1, ρs,k−2︸ ︷︷ ︸
q=3
]>
where
{
β1, β2, β3, γ1, γ2, γ3, κ, σ
2
ηθ
, σ2ηρ
}
is the set of
parameters which fully characterize the low scintillation
AR(3)/AR(3) approximation.
A standard discriminator-based KF can be easily constructed
for one of the SSMs following the architecture introduced
in Section V-A. But such architecture lacks of robustness,
adaptivity and is not suited for time-varying scintillation
conditions. Instead of using a discriminator-based approach, as
previously done in [14], this paper proposes an EKF directly
operating with the received signal complex samples. Such
approach avoids the discriminator’s nonlinearities and possible
saturation at low C/N0, resulting in a more robust architecture.
The main idea behind the EKF consists of linearizing the
possibly nonlinear process and measurement functions around
the predicted and updated state estimates, and then applying
the standard linear KF equations [62]. In this case, only the
measurement equation is nonlinear and reads
hk(x
(2)
k ) = Akρs,k
[
cos(θd,k + θs,k)
sin(θd,k + θs,k)
]
. (13)
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The linearized measurement matrix is given in (14) for the
SSM #4 case (i.e., AR(3)/AR(3) approximation). This matrix
is used in the measurement update step of the EKF, computed1
as H˜k = ∇hk(x(2)k ) and evaluated at x(2)k = xˆk|k−1 (i.e.,
note that θˆk|k−1
.
= θˆd,k|k−1 + θˆs,k|k−1). Notice that the state
prediction under strong scintillation events may be inaccurate,
but the filter takes this naturally into account in the update
step via the innovation sequence.
The knowledge of the scintillation intensity is an important
point in the system model formulation and SSM parameteriza-
tion. The possible ionospheric scintillation affecting the system
is in general unknown and time-varying, but it has been shown
in the literature that the time-varying scintillation intensity
S4,k may be correctly estimated from the incoming signal [65].
Such estimator can be considered as a scintillation detector
and can be used to fix the AR model order parameters q and
p, and sequentially update the AR models parameters. Taking
into account that different SSMs have different dimensions,
the first approach is to use a bank of four parallel EKFs,
one for each SSM, together with a scintillation indicator to
decide the final estimate at every time instant. This scheme
is not convenient because it is computationally inefficient,
suboptimal and may lead to divergence. A second option is
to use a more sophisticated single filter architecture, which
must be properly designed to cope with such multiple SSM
scenario. This solution is more robust and optimal from an
estimation point of view, being the preferred architecture in
this contribution.
A key point on the filter design is to realize that the state
formulation of SSMs #1 to #3 can be seen as a subset of
the state in SSM #4. Therefore, with a proper parameteri-
zation of
{
β1, β2, β3, γ1, γ2, γ3, κ, σ
2
ηph
, σ2ηa
}
, which may be
considered time-varying, SSM #4 turns to be equivalent to
SSMs #1 to #3 (e.g., if β2 = β3 = 0, SSM #4 → SSM
#2). This SSM modulation is done via the time-varying state
transition matrix Fk(S4,k), which depends on the scintillation
intensity and the time-varying set of AR model parameters,
and allows to use a single filter architecture to cope with time-
varying propagation conditions. Considering such scenario, the
Kalman gain should be sequentially updated according to the
system noise variance, obtained from a C/N0 estimator, and
the time-varying process noise covariance, Qk(S4,k), which
also depends on the time-varying set of AR model parameters
and must be sequentially adjusted. The block diagram of the
new architecture (AEKF-AR) is sketched in Figure 5.
VI. COMPUTER SIMULATIONS AND DISCUSSION
In order to provide illustrative numerical results, the perfor-
mance of the new methodology was fully analyzed in a GNSS
carrier tracking example under several scintillation scenarios,
using both synthetic CSM data and real scintillation data.
For the sake of completeness, the results were compared to
the current SoTA techniques and the AKF-AR introduced in
[14]. Note that both standard KF, AKF and AKF-AR use a
discriminator-based architecture. Namely:
1The vector differential operator is defined as ∇ =
[
∂
∂x1
, . . . , ∂
∂xn
]
• 3rd order PLL, standard in mass-market receivers.
• KF tracking x(1)k and heuristically adjusting the filter
parameters from the expected propagation conditions.
• Adaptive KF (AKF) tracking x(1)k and adjusting the
measurement noise variance from the C/N0 estimate.
• Augmented state AKF (AKF-AR) [14] tracking both x(1)k
and θs,k. Note that this method does not adapt the filter
to time-varying propagation conditions.
The new methodology, tracking x(2)k (i.e., both phase dynam-
ics, scintillation phase θs,k and scintillation amplitude ρs,k)
is named AEKF-AR in the simulations. To clearly stress the
carrier tracking methods and obtain significant results, the
simulated scenarios considered a low C/N0 = 30 dB-Hz,
and an aeronautical user case with a rapidly varying 3rd
order (m = 3) Doppler profile (acceleration = 20 m/s2):
initial random phase in [−pi, pi], initial Doppler fd,0 = 50
Hz, constant rate fr,0 = 100 Hz/s and Ts = 10 ms for all the
methods. The root mean square error (RMSE) on the carrier
phase of interest (θd,k) was used as a measure of performance,
computed from 100 Monte Carlo trials. In the sequel, the
proposed methodology is fully characterized via an in depth
analysis using both synthetic and real data, considering several
representative scenarios: validation, steady-state performance,
robustness, adaptativity and cycle slip analysis.
A. Case I: Architecture Validation
1) Scintillation-free Scenario: First of all it is important
to verify that the new architecture performs properly in a
scintillation-free scenario. Apart from being an architecture
validation, this case allows to compare the performance of
the AEKF-AR and the SoTA techniques in a nominal prop-
agation scenario. In this case, the AR scintillation model
approximation parameters are all set to 0 except for the
first AR coefficient of the scintillation amplitude, γ1 = 1
(β1 = β2 = β3 = γ2 = γ3 = κ = σ2ηph = σ
2
ηa = 0). The
RMSE obtained with the five methods is shown in Figure 6
(top). Notice that not only the AEKF-AR operation is correct
but the performance obtained is better (i.e., lower RMSE)
than with the other methods. Recall that while the AEKF-AR
directly operates with the received signal samples the other
methods use a discriminator, which may imply saturation and
loss of Gaussianity when considering a low C/N0 scenario.
2) Equivalence between SSMs #2 to #4: In the previous
Section V-B, it was stated that a single filter architecture could
be used because of the equivalence between SSMs, that is,
SSMs #2 and #3 being a subset of the state in SSM #4 (equiv-
alence with SSM #1 is clear from the previous paragraph). To
verify such statement, the performance obtained with different
EKF-based solutions, which are sketched in Table II, is given
in Figure 6 (bottom) for a severe scintillation propagation
scenario. In this case, it was shown that an AR(1) correctly
fits the scintillation phase (SSM #2) , thus the validation test
considers an AR(2) with β2 = 0 (SSM #3) and an AR(3)
with β2 = β3 = 0 (SSM #4). The performances obtained with
the different configurations are equal, thus the architectures
are equivalent. The performance obtained with the rest of the
techniques is shown for completeness.
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H˜k =
[ −Akρˆs,k|k−1 sin(θˆk|k−1) 0 0 −Akρˆs,k|k−1 sin(θˆk|k−1) 0 0 Ak cos(θˆk|k−1) 0 0
Akρˆs,k|k−1 cos(θˆk|k−1) 0 0 Akρˆs,k|k−1 cos(θˆk|k−1) 0 0 Ak sin(θˆk|k−1) 0 0
]
. (14)
Kalman Gain 
Update
yk =

yi,k
yq,k
 
innovation
Kk
h(xˆ
(2)
k|k 1) = e
 j ˆk|k 1
xˆ
(2)
k|k 1
⊕
z 1
xˆ
(2)
k|k
Fk
⇣
Sˆ4,k
⌘
+
+
xˆ
(2)
k 1|k 1
Sˆ4,k
 ˆ2n,k
⊕+
 
yk   yˆk|k 1⊗
PREDICTION
UPDATE
\C/N0
Scintillation 
Prediction [65] {p, q}
AR model order selection 
(Table I)
{ i}pi=1, { j}qj=1,, 2⌘✓ , 2⌘⇢
SSM parameters selection 
(look-up table)
Qk
⇣
Sˆ4,k
⌘
x
(2)
k = [x
(1)
k , ✓s,k, ✓s,k 1, ✓s,k 2, ⇢s,k, ⇢s,k 1, ⇢s,k 2]
>
Fig. 5. Block diagram of the new adaptive EKF-based architecture.
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Fig. 6. (top) RMSE obtained with the proposed AEKF-AR and the SoTA
techniques for a scintillation-free standard scenario. (bottom) RMSE obtained
with different methods specified in Table II for a severe scintillation (S4 = 0.8
and τ0 = 0.2) propagation scenario.
Name AR(p)-AR(q) SSM AR(p) parameters
AEKF-AR13 AR(1) - AR(3) SSM #2 β1 6= 0
AEKF-AR23 AR(2) - AR(3) SSM #3 β1 6= 0, β2 = 0
AEKF-AR33 AR(3) - AR(3) SSM #4 β1 6= 0, β2 = β3 = 0
TABLE II
SPECIFICATION OF THE DIFFERENT METHODS USED TO VALIDATE THE
EQUIVALENCE BETWEEN SSMS #2 TO #4
B. Case II: Steady-state Performance
In synchronization systems, the steady-state RMSE is an
important and statistically significant performance measure.
The impact of the ionospheric scintillation into the received
signal mainly depends on the scintillation intensity, being of
interest in this study the moderate and severe/extreme intensity
regions (i.e., the impact of weak scintillation is marginal).
1) Severe Scintillation: This may be considered one of the
most challenging GNSS carrier tracking scenarios, because
these are the conditions which lead to the so-called canonical
fades [51], that is, large amplitude fades associated with
half-cycle phase jumps. In terms of tracking performance
and scintillation mitigation this is the most representative
case to show the potential of the proposed new architecture.
The steady-state performance results obtained for an extreme
scintillation case, S4 = 0.9 and τ0 = 0.1, are shown in Figure
7 (top), where the performance improvement with respect to
both SoTA techniques and the AKF-AR becomes clear.
In GNSS receivers, the loss of lock rule of thumb for the
standard deviation is usually fixed to σ = 0.52 radians (i.e.,
3σ = 90 degrees) [13]. Therefore, while legacy techniques
(PLL, KF and AKF) are out of the lock region only the
methods including the scintillation AR modeling into the
state-space provide good performances. Notice that the RMSE
obtained with the new architectures is 3 times lower than the
AKF-AR previously introduced in [14]. These results show
the superior performance gain provided by the new approach.
2) Moderate Scintillation: A representative example of the
steady-state RMSE performance obtained in the moderate
region (S4 = 0.5 and τ0 = 0.4) is shown in Figure 7 (bottom).
In this case, the impact of the scintillation is lower compared
SUBMITTED TO IEEE TRANS. AEROSP. ELECTRON. SYST. 9
Time [s]
0 10 20 30 40 50 60 70 80 90 100
RM
SE
 [r
ad
]
0
0.2
0.4
0.6
0.8
1
1.2
1.4
3rd order PLL Bw=5 Hz
Standard KF
AKF
AKF-AR
AEKF-AR
Loss of lock threshold
Time [s]
0 10 20 30 40 50 60 70 80 90 100
RM
SE
 [r
ad
]
0
0.1
0.2
0.3
0.4
0.5
0.6
Severe Scintillation
Moderate Scintillation
x 3
x 3
Fig. 7. RMSE obtained for an extreme scintillation propagation scenario,
S4 = 0.9 and τ0 = 0.1 (top), and a moderate scintillation case, S4 = 0.5
and τ0 = 0.4 (bottom).
Scintillation PLL KF AKF AKF-AR AEKF-AR
S4 = 0.9, τ0 = 0.1 1.1 0.71 0.61 0.43 0.12
S4 = 0.8, τ0 = 0.2 0.83 0.59 0.52 0.42 0.10
S4 = 0.7, τ0 = 0.3 0.63 0.49 0.48 0.42 0.10
S4 = 0.6, τ0 = 0.4 0.47 0.40 0.39 0.29 0.08
S4 = 0.5, τ0 = 0.4 0.36 0.31 0.30 0.23 0.07
S4 = 0.4, τ0 = 0.8 0.26 0.25 0.25 0.20 0.07
TABLE III
STEADY-STATE RMSE [RAD] PERFORMANCE FOR THE DIFFERENT
METHODS IN SEVERAL SCINTILLATION SCENARIOS.
to the previous one, and all the methods are below the loss
of lock threshold, but the performance obtained with the new
AEKF-AR is still three times better than with the AKF-AR,
and up to five times better than with the standard techniques.
For the sake of completeness, Table III shows the RMSE
(in radians) obtained in several scintillation scenarios. Several
conclusions can be obtained from these results: i) the AEKF-
AR is always far beyond in terms of tracking performance
and scintillation mitigation capabilities; ii) the AKF-AR [14]
provides slightly better performances than standard techniques,
but has been clearly outperformed by the new EKF-based
solution; and iii) standard techniques are out of the lock region
in severe scintillation conditions, where only the new approach
is an acceptable solution in terms of integrity.
C. Case III: Robustness to Modeling Mismatch
To fully characterize the new architecture, it is of capital im-
portance to assess its robustness to AR modeling mismatches.
In other words, if the scintillation prediction method is inac-
curate, the SSM parameters
{
{βi}pi=1, {γi}qi=1, κ, σ2ηph , σ2ηa
}
will deviate from the best fit, then the performance obtained
with the AEKF-AR may be lower. The question is how much
do we lose? Two cases may be considered: the predicted scin-
tillation intensity is higher (i.e., scintillation overestimation),
or lower (i.e., scintillation underestimation) than the true one.
Figure 8 shows the performance obtained for different AR
modeling mismatches in a severe scintillation case (S4 = 0.8
and τ0 = 0.2), being again the most challenging scenario. It
is important to see that considering an overestimation of the
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Fig. 8. RMSE considering a correct scintillation AR fit (S4 = 0.8) and
several AEKF-AR with an AR modeling mismatches (overestimation (S4 =
0.9) and underestimating (S4 = 0.7, 0.6)).
Predicted Scint True scint S4 = 0.8 True scint S4 = 0.6
S4 = 0.9, τ0 = 0.1 0.102 –
S4 = 0.8, τ0 = 0.2 0.10 0.0802
S4 = 0.7, τ0 = 0.3 0.1512 0.0832
S4 = 0.6, τ0 = 0.4 0.21 0.078
S4 = 0.5, τ0 = 0.4 – 0.0828
S4 = 0.4, τ0 = 0.8 – 0.0829
TABLE IV
AEKF-AR STEADY-STATE RMSE [RAD] PERFORMANCE CONSIDERING A
SCINTILLATION AR MODELING MISMATCH.
scintillation intensity has no impact on the receiver perfor-
mance, while considering lower intensities slightly degrades
the tracking results. From these results, it is clear that the new
method is robust to modeling mismatches, because even if the
filter performance underestimating the scintillation intensity is
slightly lower, it is still much better than with the standard
techniques and the AKF-AR. From the complimentary RMSE
results shown in Table IV, notice that for a moderate scintil-
lation scenario the impact of the AR modeling mismatch is
marginal, what supports the robustness of the method.
D. Case IV: Adaptativity to Time-varying Conditions
To conclude the performance analysis using realistic syn-
thetic data, the last missing point is to assess the adaptativity
of the new architecture, that is, how it behaves in time-varying
scintillation conditions. Two scenarios are considered: i) a
change from severe to moderate scintillation, and ii) a change
from moderate to severe scintillation. Notice that the transition
between scintillation regions is not smooth as it would be in
real life, but it is sought to be like this to really assess the
method’s sensitivity and the performance limits to such harsh
propagation conditions.
The results obtained in both time-varying cases are shown in
Figure 9. The top plot shows the performance obtained in the
first case, that is, a severe (S4 = 0.8 and τ0 = 0.2) to moderate
(S4 = 0.5 and τ0 = 0.4) scintillation transition. The AEKF-
AR clearly adapts the parameters to the scintillation conditions
and provides a good performance. The bottom plot shows the
counterpart example, with a transition from moderate scin-
tillation to severe conditions. Again the AEKF-AR provides
a robust solution, and the filter keeps the performance in the
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Fig. 9. RMSE considering time-varying scintillation conditions. Severe (S4 =
0.8 and τ0 = 0.2) to moderate (S4 = 0.5 and τ0 = 0.4) scintillation
transition (top) and vice versa (bottom).
severe scintillation region as low as in the moderate conditions.
In this case the AKF-AR [14], which does not adapt the filter
parameters to time-varying conditions, does not provide a good
result under severe conditions because the filter is tuned to fit
the moderate scintillation. The overall results confirm the good
behavior, adaptability and robustness of the proposed AEKF-
AR in front of the rest of the standard methods.
E. Case V: Real GPS Scintillation Data
Finally, in this section we analyze the performance of
the new adaptive EKF-AR tracking methodology using real
scintillation data, and verify the correct behavior of the AR
scintillation modeling with the comparison of amplitude/phase
scintillation tracking performances at three GPS frequency
bands for different scintillation events. In this case, the RMSE
refers to the mean error over the processed sequence.
1) Real Scintillation Data: We obtained from the Joint
Research Centre (JRC) Scintillation Repository a collection of
data with more than 10 hours of scintillation events recorded
over Hanoi in March and April, 2015 [66]. These receivers
were based on a reconfigurable quad-channel front-end (sta-
tionary platform), Fourtune, which was configured to collect
L1, L2 and L5, using 1-bit complex sampling at rates of 5
MHz, 5 MHz and 30 MHz, respectively [66]. The front-end
was configured to continuously record 50-minute datasets and
to post-process each using an L1 software defined receiver for
the purposes of basic scintillation detection. Those datasets in
which severe scintillation was identified, were then archived
for post-processing, and the others discarded [67].
The post-processing stage employed a multi-frequency
open-loop software receiver which exploited precise knowl-
edge of the receiver location, and the well-disciplined ref-
erence oscillator to generate accurate reference carrier and
code local replicas. Once demodulated to complex baseband,
the correlator values corresponding to each observed GNSS
signal were processed to estimates of the phase and amplitude
perturbations induced by ionospheric activity. Being an open-
loop post-processing scheme, a batch estimation of the ampli-
tude and phase was possible, providing highly accurate and
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Fig. 10. An example of 100 seconds of real scintillation amplitude data for
the strong scintillation event #1 at three different GPS frequency bands.
reliable characterization [66]. Therefore, these time-series are
clean multi-frequency dynamic-free ionospheric scintillation
amplitude and phase traces. From these estimations of carrier
phase and amplitude, traditional measures of scintillation
activity were computed, such as S4 and σφ .
Figure 10 shows an example of real scintillation amplitude
data for a scintillation event at three different GPS frequency
bands. It is clear that it is a strong scintillation scenario
because the signal experiences fadings as deep as −30 dB,
and the number of fadings below −10 dB is very high.
2) Dynamics-free Scintillation Tracking: First, to verify the
correctness of the proposed AR model using real data, we
test the scintillation tracking capabilities of the new AEKF-
AR in a static scenario directly using the JRC ionospheric
scintillation time-series (i.e., where phase variations due to
dynamics are removed using the multi-frequency open-loop
post-processing) for 3 different scintillation events at different
GPS frequency bands. Notice that we use one portion of the
real scintillation time-series for AR model fitting, and then
process the rest of the real traces to obtain the performance
results. Figure 11 plots an example of both real scintillation
components and the corresponding AEKF-AR estimates for
the GPS L1 strong scintillation event #1. It is clear that the
filter is able to correctly track the scintillation amplitude and
phase, showing that the AR scintillation model considered in
Section III is a valid approach within the KF framework.
Figure 12 shows the S4 scintillation indices for the 3
different scintillation events considered in this section. Events
#1 and #2 are severe scintillation scenarios, and event #3 is
a moderate to strong scintillation case. Therefore, consider-
ing these sets of data we are covering different scintillation
conditions. The AEKF-AR scintillation tracking performance
for these events is given in Table V. Scintillation amplitude
and phase estimation RMSE, named Eρs (lineal amplitude
dimension) and Eθs (in rad), respectively, are computed over
sequences of 600 seconds of data. Again, the low estimation
error using sequences of real scintillation data at different
frequency bands and for different scintillation events, supports
the use of the AR model approximation as a valid approach.
To further justify the correct AR model order we show the
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Fig. 11. Real scintillation amplitude and phase data, and the corresponding
AEKF-AR estimates for the GPS L1 strong scintillation event #1.
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Fig. 12. Real scintillation data S4 indices for 3 different scintillation events.
PAF results for real ionospheric scintillation data in Figures
13 and 14, corresponding to scintillation amplitude and phase,
respectively.
3) New AEKF-AR Performance using Real Data: To con-
clude, we consider again the aeronautical user case with a
rapidly varying 3rd order Doppler profile (acceleration = 20
m/s2) described at the beginning of the section. That is,
we use the JRC real ionospheric scintillation multi-frequency
amplitude and phase traces, on top of the desired dynamics
generated using the SSM described in Section IV. As in the
previous analysis using realistic synthetic CSM data (Case I
to IV in Sec. VI), the main goal is to obtain the best estimate
Event Eρs L1 Eθs L1 Eρs L2 Eθs L2 Eρs L5 Eθs L5
# 1 0.0178 0.0261 0.0196 0.0303 0.0179 0.0300
# 2 0.0174 0.0202 0.0200 0.0241 0.0176 0.0188
# 3 0.0204 0.0356 0.0249 0.0721 0.0321 0.1099
TABLE V
RELATIVE AMPLITUDE AND PHASE TRACKING ERROR FOR REAL DATA
USING THE AEKF-AR AT DIFFERENT GPS FREQUENCY BANDS.
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Fig. 13. Sample partial autocorrelation function (PAF) for real scintillation
data model order selection. Severe (top), moderate (middle) and low (bottom)
real amplitude scintillation.
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Fig. 14. Sample partial autocorrelation function (PAF) for real scintillation
data model order selection. Severe (top), moderate (middle) and low (bottom)
real phase scintillation.
of the phase related to the user dynamics, θd,k. The dynamics
phase estimation RMSE is named Eθs (rad).
First, to graphically show the performance of the AEKF-
AR with respect to the other SoTA methods, we plot in
Figure 15 the estimation error for the severe scintillation
event #1 at GPS L1, and the moderate to strong scintillation
event #3 at GPS L2. The new AEKF-AR is the only method
effectively decoupling both phase components and correctly
tracking the scintillation phase component. This fact directly
impacts on the dynamics’ phase estimation, which is clear
from the instantaneous estimation error shown in the figure.
The AEKF-AR is the only method providing an estimation
error below the loss of lock rule of thumb threshold, and
therefore, good scintillation mitigation capabilities. The RMSE
for the dynamics’ phase estimation for the different methods
is shown in Table VI. From these mean error results, it is clear
that the new AEKF-AR provides much better performance and
scintillation mitigation capabilities than the rest of methods.
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Fig. 15. Estimation error (rad) for the severe scintillation event #1 at GPS L1
(top), and the moderate to strong scintillation event #3 at GPS L2 (bottom).
Event # 1 Eθd L1 Eθd L2 Eθd L5
PLL 0.493 0.568 0.586
KF 0.588 0.664 0.680
AKF 0.598 0.685 0.725
AKF-AR 0.459 0.503 0.531
AEKF-AR 0.162 0.172 0.188
Event # 2 Eθd L1 Eθd L2 Eθd L5
PLL 0.12 0.16 0.17
KF 0.128 0.18 0.19
AKF 0.126 0.18 0.189
AKF-AR 0.105 0.135 0.157
AEKF-AR 0.029 0.037 0.054
Event # 3 Eθd L1 Eθd L2 Eθd L5
PLL 0.56 0.626 0.654
KF 0.666 0.757 0.78
AKF 0.688 0.771 0.794
AKF-AR 0.529 0.554 0.616
AEKF-AR 0.195 0.18 0.344
TABLE VI
ROOT MEAN SQUARE PHASE TRACKING ERROR CONSIDERING REAL
SCINTILLATION DATA AT DIFFERENT GPS FREQUENCY BANDS.
F. Cycle Slip Performance Analysis
For the complete characterization of the new scintillation
mitigation methodology, it is necessary to assess its robustness
to cycle slips. This is of capital importance for carrier-based
positioning techniques such as RTK and PPP, which rely on
the integrity of carrier phase measurements.
First, we analyze the robustness to cycle slips of the
different methods using realistic synthetic data generated with
the CSM. One realization of the phase error for 3 different
scenarios is shown in Fig. 16, namely, i) Case #1: {S4 =
0.5, τ0 = 0.4}, ii) Case #2: {S4 = 0.7, τ0 = 0.3} and iii) Case
#3: {S4 = 0.9, τ0 = 0.1}. In the moderate scintillation case,
only the PLL suffers a cycle slip. In both severe scintillation
scenarios (i.e., middle and bottom plots in Fig. 16), we can
see several cycle slips, and clearly the stronger the scintillation
intensity the higher the number of cycle slips. It is worth
mentioning that the new AEKF-AR is systematically robust
to cycle slips in a variety of scintillation conditions, which
confirms its capabilities. To support this statement, we give
the mean number of cycle slips over 500 Monte Carlo runs in
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Fig. 16. Phase error for different CSM ionospheric scintillation scenarios:
{S4 = 0.5, τ0 = 0.5} (top), {S4 = 0.7, τ0 = 0.3} (middle) and {S4 =
0.9, τ0 = 0.1} (bottom).
Table VII, where each run has 500 seconds of signal. Three
interesting conclusions can be drawn from these results: i) KF-
based schemes are more robust to cycle slips than traditional
PLLs, and AKFs adapting the filter parameters are better
than standard KF architectures; ii) considering the scintillation
process into the state-space formulation provides better results
than standard KF-based techniques; and iii) the AEKF-AR
clearly overcomes the limitations of the AKF-AR and the rest
of the methods, both in terms of RMSE and cycle slips. No
cycle slips were found in 500 iterations (≈ 70 h of data),
highlighting its enhanced performance and robustness.
To conclude, we analyze the cycle slip performance for the
JRC real ionospheric scintillation data. The results in Table
VIII show that while some cycle slips appear with the PLL,
KF and AKF, the scintillation AR SSM formulation improves
the filter robustness (i.e., AKF-AR and AEKF-AR), which is
in concordance with the results obtained for the CSM data.
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Case #1 Case #2 Case #3
PLL 0.476 22.332 407.82
KF 0.006 2.150 216.43
AKF 0 0.532 23.86
AKF-AR 0 0 0.01
AEKF-AR 0 0 0
TABLE VII
MEAN NUMBER OF CYCLE SLIPS OVER 500 MONTE CARLO RUNS FOR
DIFFERENT SCINTILLATION SCENARIOS.
PLL KF AKF AKF-AR AEKF-AR
Event #1 L1 4 0 2 0 0
Event #1 L2 4 3 3 0 0
Event #1 L5 5 2 4 0 0
Event #2 L1 0 0 0 0 0
Event #2 L2 2 1 0 0 0
Event #2 L5 2 0 0 0 0
Event #3 L1 2 0 1 0 0
Event #3 L2 3 2 2 0 0
Event #3 L5 3 3 2 0 0
TABLE VIII
NUMBER OF CYCLE SLIPS FOR THE JRC REAL SCINTILLATION DATA.
VII. CONCLUSIONS
Ionospheric scintillation effects are known to be a limiting
performance factor in advanced GNSS receivers, specifically
in receiver architectures that make use of carrier phase
measurements for computing position, such as in the case
of PPP, RTK, or carrier-based code smoothing techniques.
Those approaches, which are now becoming commonplace in
mass-market receivers, result in significant improvements in
position and velocity accuracy when compared to code delay-
based architectures, but they require maintaining uninterrupted
carrier phase tracking, avoiding loss-of-lock. In the presence of
scintillation, disturbances in carrier phase measurements can
degrade the final receivers performance in terms of position
accuracy, and even cause a service blockage. This paper pre-
sented a new methodology for efficient scintillation mitigation
in advanced GNSS receivers. Together with a SoTA overview,
authors provided an in-depth analysis of the complex random
scintillation process approximation. The key step on the new
carrier tracking framework is to model both scintillation phase
and amplitude as an AR process. Using such approximation it
is possible to embed the undesired scintillation effects into the
state-space formulation of the problem, being then capable to
keep track of both phase contributions. In spite of its simplic-
ity, this statistical model captures the behavior of such physical
phenomenon and exhibits enhanced scintillation mitigation
capabilities when compared to SoTA methods based on PLLs
or KFs without such augmented state-space. The proposed
method was put under test both by computer simulations and
by using real-life data gathered in a measurement campaign.
Results show that the proposed method performs remarkably
better in phase tracking than SoTA techniques, reducing cycle
slips and effectively decoupling the phase disturbances caused
by scintillation from the carrier-phase dynamics caused by
the changing geometry, thus enhancing the availability and
accuracy of carrier phase measurements in a GNSS receiver
in the presence of ionospheric scintillation events.
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